Introduction
The C/EBP family of transcription factors is comprised of five proteins: Cebpa, Cebpb, Cebpg, Cebpd, Cebpe (see mouse genome nomenclature: http://www. informatics.jax.org/mgihome/nomen/).
Collectively, they are expressed in almost every cell type and a large body of data exists on their expression patterns, the promoters they regulate and the signals that modulate expression and/or activity. The great majority of this information was obtained in vitro. However, in recent years, mice have been generated with null mutations for each of the Cebp genes, allowing the identification of unique and physiologically relevant functions. This approach has demonstrated that individual Cebp genes can regulate the lineage commitment, growth or differentiation of specific cell types such as for example adipocytes and hepatocytes (Cebpa); ovarian granulosa cells, mammary epithelial cells and keratinocytes (Cebpb); and granulocytes (Cebpe) (Ramji and Foka, 2002) .
Cebpd was first characterized as an acute phase inflammatory response gene. Expression is low to undetectable in most cell types and tissues. However, it is rapidly induced by a variety of extracellular stimuli, for example, growth hormone, insulin, IFNg, IL-1, IL-6, LPS, TNFa, dexamethasone, noradrenalin and glutamate (Takiguchi, 1998; Ramji and Foka, 2002) . In osteoblasts, Cebpd activity is associated with proliferation reponses (Umayahara et al., 1997; Billiard et al., 2001) . In lung epithelial cells, Cebpd expression and activity are related to differentiation (Breed et al., 1997; Sugahara et al., 1999; Cassel et al., 2000) . In the mouse mammary gland, Cebpd is highly expressed exclusively at the onset of involution, the period of postlactational mammary gland regression and tissue remodeling (Gigliotti and DeWille, 1998; Gigliotti and DeWille, 1999) . Results from overexpression of either Cebpd or antisense Cebpd in a mouse mammary epithelial cell line suggest that Cebpd promotes growth arrest in this cell type (O'Rourke et al., 1999) . In fact, nulliparous females exhibit hyperproliferation of mammary epithelial cells and increased mammary ductal branching (Gigliotti et al., 2003) . Other phenotypes generated by the null mutation are improved performance in the contextual fear conditioning test of long-term memory (Sterneck et al., 1998) and further impairment of adipocytic differentiation in vitro caused by Cebpb gene deletion (Tanaka et al., 1997) . In summary, Cebpd activity appears to play a role in proliferation, differentiation and apoptosis depending on the cell type and specific physiological response.
In this study we have characterized the effect of Cebpd deficiency in mouse embryonic fibroblasts (MEF). We found that lack of Cebpd results in genomic instability and centrosome amplifications in vitro. Furthermore, immortalized mutant MEF display several characteristics of transformation. Thus, we hypothesize that Cebpd is a potential candidate tumor suppressor gene based on its role in genome maintenance.
Results

Cebpd-deficient fibroblasts exhibit impaired growth control
MEF express Cebpd constitutively at low levels (data not shown). Freshly isolated MEF in culture grow rapidly at first, then cease to proliferate and senesce (crisis). Some cells escape senescence after a period of time and become established as cell lines. Figure 1 shows the growth curves of wild-type (WT) and Cebpddeficient (KO) MEF from individual embryos using the classical 3T3 protocol (Todaro and Green, 1963) . While the kinetics of establishment as a cell line varied significantly between different MEF isolates, we did not observe genotype-specific differences in growth rates before crisis or in the kinetics of crisis when averaging 10 WT MEF and seven KO MEF from five independent experiments ( Figure 1 , and data not shown). Furthermore, expression levels and kinetics of the p16
INK4a gene, which is a marker of senescence (Palmero et al., 1997) , were similar in KO and WT cells through the period of crisis (data not shown). However, within individual experiments, KO fibroblasts tended to recover more quickly from crisis either by shorter crisis period or more rapid acceleration of the growth rate thereafter (Figure 1) . Therefore, lack of Cebpd does not affect the mechanisms involved in cell proliferation and induction of cellular senescence. However, subsequent to immortalization, lack of Cebpd promotes cell growth.
We next addressed the growth characteristics of immortalized MEF (3T3 MEF) in comparison with the NIH3T3 mouse fibroblast cell line and an NIH3T3 cell line transformed by the Ki-ras oncogene (Ras-NIH3T3; Janssen and Mier, 1997). Data obtained with two independently derived 3T3 MEF lines per genotype (KO-3T3: KO#1, KO#2; WT-3T3: WT#1, WT#2) demonstrated that Cebpd-deficient fibroblasts share many features characteristic of transformed cells. Titration of the serum concentration revealed that KO-3T3 were less sensitive to serum withdrawal than WT-3T3. When cultured at 0 or 0.07% serum, a significant proportion of WT-3T3 and NIH3T3 cells underwent apoptosis (Figure 2a ). In contrast, KO-3T3 and Ras-NIH3T3 cells largely survived in the absence of serum, and at 0.07% serum even proliferated to some extent ( Figure 2b ). Apoptosis pathways per se are not defective in KO fibroblasts, since they responded normally to the apoptosis inducer tunicamycin (data not shown), indicating that the lower rate of cell death in KO cells in the absence of serum is specific to such culture conditions.
Normal adherent cell lines proliferate until confluent and then arrest in the G0 phase of the cell cycle. Accordingly, analysis of DNA content by flow cytometry showed that the G0/1 fraction of WT-3T3 and NIH3T3 cells was significantly increased in confluent cultures compared to exponentially growing cultures indicating cell cycle arrest (Figure 2c ). In contrast, KO-3T3 did not display a significant shift of cells from the S þ G2/M phases, representing proliferating cells, to the G0/1 population upon confluence. Ras-NIH3T3 cells were not included in this analysis because they grow in clumps and detach easily, which does not allow Figure 1 Cebpd-deficient MEF recover readily from crisis. Cumulative cell growth (3T3 protocol) of six WT and five KO primary MEF from individual embryos in three independent experiments (a-c) starting at passage three
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A-M Huang et al determination of a confluent state. DAPI staining also showed that individual mitotic figures could still be found in KO-3T3 but not in WT-3T3 cultures that had been confluent for over 2 weeks (data not shown). To further our analysis at the molecular level, we investigated expression of the growth arrest specific gene Gas1, which is induced by contact inhibition and serum withdrawal in NIH3T3 cells. Gas1 inhibits DNA synthesis and S-phase entry, and exhibits tumor suppressor activity in human tumor cell lines (Del Sal et al., 1992; Evdokiou and Cowled, 1998) . Analysis of fibroblasts at confluence or in the absence of serum revealed that Gas1 expression was inducible in both WT and KO cells (Figure 3a) . However, mutant fibroblasts displayed significantly reduced levels of Gas1 in all fibroblasts. Northern analysis of RNA from cells treated as described in Figure 2 . The 10% serum group was harvested 2 days after seeding. 'WT' and 'KO' data represent the mean7s.d. of the WT#1 and WT#2, and KO#1 and KO#2 lines, respectively. Expression levels of (a) gas1 and (b) Chop were quantified by phosphoimage analysis, normalized against cyclophilin expression, and are expressed in arbitrary units Loss of Cebpd leads to chromosomal instability A-M Huang et al conditions suggesting that lower levels of Gas1 are in part responsible for the impaired growth arrest response of KO-3T3 MEF. The blunted expression in KO cells is specific for Gas1, because expression of the Cebp-related gene Chop (also known as growth arrest and DNA damage (gadd) 153; Fornace et al., 1989) was instead upregulated in Cebpd-deficient cells (Figure 3b ). Chop is present at low levels under normal conditions but is induced in response to various types of stress and can induce growth arrest acting around the G1/S checkpoint (Barone et al., 1994; Zinszner et al., 1998) . Chop is required for cell death in response to stress mediated by the endoplasmic reticulum (ER) (Zinszner et al., 1998) . In response to the ER stressor tunicamycin, Chop was induced to equivalent levels in WT-and KO-3T3 (data not shown), indicating that elevated levels of Chop in KO cells are specific to growth arrest conditions. Possibly, Chop is 'overinduced' in confluent and serum-starved KO fibroblasts due to a feedback regulatory mechanism that senses the impaired cellular response, but is not able to correct it. In summary, these data indicate that the rapid recovery of KO fibroblasts from crisis results from the acquisition of transformed features both at the molecular and cellular levels.
A frequent attribute of transformed cells is lack of anchorage dependence. When tested for the ability to form colonies in soft agar, only Ras-NIH3T3 cells were able to grow, but not KO or WT MEF (data not shown). However, on plastic dishes, KO MEF displayed rough colony edges similar to Ras-NIH3T3 cells (Figure 4 ). This phenotype is indicative of increased cell motility and reduced cell communication. WT MEF and NIH3T3 cells exhibited round colony edges. Given the number of transformed features of KO-3T3 MEF in vitro, we tested the tumorigenicity of immortalized MEF in vivo. Four out of four independent KO-3T3 lines formed tumors in nude mice. However, three out of four WT-3T3 lines were tumorigenic as well (data not shown). Tumorigenicity of WT MEF was surprising and is possibly due to the 129S1 mouse strain background used in this study. The time course and growth rate of the tumors varied significantly even within each cell line. Therefore, we could not identify a specific enhancement Figure 4 Cebpd-deficient 3T3 fibroblasts display rough colony edges. Photomicrographs of colony edges. The indicated cells were seeded at low density (500 cells per 10 cm dish), cultured for 10 days with medium changes every 3 days, and then stained with Giemsa ( Â 100 original magnification) of in vivo tumorigenicity by the Cebpd mutation with this system.
Genomic instability in the absence of Cebpd
The transformed characteristics of KO-3T3 fibroblasts are not present prior to immortalization (data not shown) and therefore are not likely due to a direct role of Cebpd in these phenotypes. An indirect promotion of loss of growth control could result from a higher mutation rate or accumulation of chromosomal abnormalities in mutant cells. This hypothesis was suggested by the finding that KO cultures displayed giant lobular nuclei at low but consistent frequency indicating aneuploidy (data not shown, see also Figure 5 ). In summary, we identified 140 rearrangements involving chromatid or chromosome breaks in the four KO samples, compared to nine rearrangements in the five WT samples. The frequency of abnormal cells in the KO samples averaged from 18 to 77% and varied from a single chromosome break per cell to complex karyotypes like the one shown in Figure 5 . Due to the complexity of cytogenetic aberrations, SKY did not allow us to evaluate net gain or loss of chromosomal material. However, analysis of gross changes in ploidy indicates a 10-fold increase in aneuploid cells in the KO cultures. The chromosomal abnormalities increased with passage number, suggesting that rearrangements accumulated over time (Table 1 ). In some cases more than two chromosomes were involved (Figure 5c ). In particular, reciprocal translocations, deletions, duplications and complex rearrangements were observed in at least three of the four KO MEF, but not in any of the five WT MEF. However, no recurrent patterns were observed, indicating that no clonal outgrowth was taking place by passage six. To determine if the KO MEF contained an overall imbalance in DNA copy number, we analysed the different batches by comparative genomic hybridization (CGH). The results showed a normal profile for both WT and KO primary MEF (SKY and CGH results can be retrieved at http://www.ncbi.nlm.nih.gov/sky/ skyweb.cgi), indicating that the chromosomal instability in KO MEF did not translate into the acquisition of clonal nonrandom chromosomal gains and losses detectable by CGH at passage six.
The degree of chromosomal rearrangements in primary KO MEF would suggest a higher rate of apoptosis in these cultures affecting cumulative growth. However, the growth rate of primary KO MEF was comparable to that of control MEF (Figure 1 ). To assess if accelerated growth, as seen with 3T3 KO MEF, was compensating for an elevated rate of apoptosis, we analysed the distribution of cells in the cell cycle and the fraction of apoptotic cells in up to 11 WT and eight KO primary MEF by FACS from day 5 to 22 in culture (passages 3-9). However, we found no difference between WT and KO cells (data not shown). Thus, despite the elevated level of chromosomal abnormalities, the KO MEF do not exhibit an increased rate of cell death. These data raise the possibility that lack of apoptosis in response to chromosomal abnormalities may be one mechanism by which KO cells accumulate damages. Table 1 ) Cellular architecture and genomic stability are controlled in part by centrosomes, the centers of microtubule array organization including mitotic spindles. Centrosome defects characterized by abnormal size and number have been implicated as a possible cause of mitotic abnormalities in tumor cells and loss of tissue architecture seen in solid tumors (Salisbury et al., 1999) . Therefore we investigated a potential correlation between genomic instability and centrosome amplification. More than 100 interphase cells of two WT and two KO MEF isolates were stained with anti-g-tubulin (Figure 6 ) or anti-centrin antibodies that allow centrosome identification in each stage of the cell cycle. Cells with more than two centrosomes were considered abnormal ( Table 2 ). In WT MEF cultures, 6-14% of cells displayed abnormal centrosomes. The majority of the abnormal counts were three to four centrosomes. This could possibly be due in part to normal centriole duplications. However, centrosome amplifications were significantly more frequent in KO MEF and the centrosome numbers were more diverse. The total numbers of abnormal cells varied between anti-g-tubulin and anti-centrin staining, possibly due to differences in cell passages or because of normal variations in the cells between experiments. In all, 27-51% of KO MEF cells exhibited centrosome amplifications, while at the gross level only 18% were aneuploid (as deduced from Table 1 ). These data suggest that defects in the centrosome cycle may precede ploidy changes and chromosomal rearrangements in Cebpd mutant cells.
In summary, the cytogenetic analyses demonstrate an increased level of centrosome amplification and genomic instability in primary Cebpd null MEF resulting in complex chromosomal rearrangements.
Discussion
Cancer is the result of multiple genetic changes, including activation of oncogenes and loss of normal function of tumor suppressor genes. Endogenous and environmental factors can lead to DNA damage driving Loss of Cebpd leads to chromosomal instability A-M Huang et al such mutations, and multiple mechanisms exist in the cell to repair the damage or to eliminate a cell beyond repair. Any perturbation of this balance such as genomic instability, which can be caused by many diverse mechanisms, will eventually lead to cancer (Hoeijmakers, 2001) . We have found that Cebpd deficiency leads to chromosomal instability in primary MEF in vitro followed by loss of normal growth control. These data suggest that Cebpd could function as a tumor suppressor that acts on genome maintenance. As a transcription factor it may regulate the expression of genes that are essential for recombination and repair mechanisms or for cell cycle checkpoints and apoptosis in response to genome damage (Hoeijmakers, 2001) . Differential expression analysis of primary WT and KO MEF could address this hypothesis. Alternatively, the physical association of Cebpd with the centromere (Tang and Lane, 1999) may affect centromere or kinetochore functions important for chromosome stability. Analysis of other known centromere-associated proteins and features may shed light on the functionality of this higher order chromatin organization in Cebpd null MEF. Considering the degree of genomic instability, it is unlikely that the aberrant growth regulation in established KO-3T3 fibroblasts is directly due to the absence of Cebpd. However, subsequent to immortalization, Cebpd deficiency may specifically cooperate with pathways that, for example, impair the expression of Gas1. CGH analysis of established lines should determine if certain recurrent genomic imbalances lead to clonal outgrowth of KO fibroblast lines. A role for other Cebp genes in tumor development has already been demonstrated. Point mutations in the CEBPA gene that lead to truncated dominant negative proteins are associated with a subset of acute myeloid leukemia patients (Pabst et al., 2001) . In mice, mammary epithelial cell specific overexpression of a dominant negative Cebpb transgene causes mammary tumors (Zahnow et al., 2001) . On the other hand, Cebpbdeficient mice are completely resistant to chemical carcinogenesis of the skin. This phenotype may be due to an essential role of Cebpb in oncogenic Ras signaling (Zhu et al., 2002) . These data suggest a potentially complex cell type and isoform specific modulation of normal and aberrant growth control by Cebp genes.
A potentially direct role for Cebpd in tumor suppressor pathways is suggested by the ability of Cebp proteins to associate with the hypophosphorylated form of the tumor suppressor retinoblastoma protein Rb1. In the case of Cebpb, this interaction facilitates DNA binding and promoter transactivation. The association of Rb1 with Cebpb is regulated since it occurs in cell lines specifically as they differentiate toward adipocytes or monocyte/macrophages (Chen et al., 1996a, b; Charles et al., 2001) . The prominent Rb1-binding transcription factors of the E2f family have recently been shown to regulate a plethora of genes involved in DNA damage checkpoint and repair pathways, mitotic spindle checkpoints and chromosome segregation (Ren et al., 2002) . Interestingly, the Cebpa protein can affect E2f association with different Rb family members (Timchenko et al., 1999) , and can inhibit expression of E2f target genes (Slomiany et al., 2000; Johansen et al., 2001) . Cebpa can also modulate protein levels of cdk2, cdk4 and cyclin A in part by nontranscriptional mechanisms (Wang et al., 2001; Welm et al., 2002; Wang et al., 2002) . Furthermore, Cebp proteins including Cebpd have recently been shown to interact physically with Smad3 and Smad4 (Choy and Derynck, 2003) . Smad proteins mediate signaling by the transforming growth factor, which can have oncogenic as well as tumor suppressor activity (Piek and Roberts, 2001 ) and has been implicated in the maintenance of genomic stability (Glick et al., 1999) . In summary, these reports suggest a number of potential mechanisms by which Cebpd may affect chromosomal integrity.
In WT MEF we observed nine individual rearrangements in 46 metaphases and up to 14% of cells with abnormal centrosome numbers. These abnormalities are significant, yet substantially lower than those observed in the Cebpd-deficient MEF (140 rearrangements in 40 metaphases and up to 50% of cells with abnormal centrosome numbers). The study reported here is based on MEF derived from the 129S1 mouse strain. This strain was chosen because the Cebpd targeted mutation was generated in 129S1-derived embryonic stem cells, and therefore provides a genetically clean background for the comparison of WT and mutant MEF. When it was first observed that the EGF receptor KO had strainspecific consequences (Threadgill et al., 1995; Sibilia and Wagner, 1995) , it became clear that mouse strains differ significantly and many similar reports have been published since. This phenomenon has led to the further elucidation of molecular pathways via identification of strain-specific modifier genes. Alternatively, systematic comparisons of WT strains also provide some insight into the regulation of basic physiological processes as well as the mechanisms leading to strain-specific mutant phenotypes. For example, the locus encoding p16INK4A and p19ARF harbors point mutations in the BALB/c mouse strain, which are responsible for the plasmacytoma susceptibility of this strain (Zhang et al., 1998; Zhang et al., 2001) . Possibly, the 129S1 strain is genetically susceptible to centrosome duplications and genomic instability. Indeed, Cebpd deficiency may lead to genomic instability by cooperating with the specific molecular pathway that predisposes 129S1 cells to centrosome amplifications. Thus, it will be interesting to perform a comparison study of basal genomic stability and the effect of Cebpd deficiency in MEF from different mouse strains.
Genomic instability is often associated with centrosome amplifications. However, it is still unclear if centrosome alterations are a cause or consequence of genomic instability (Duensing and Munger, 2001) . In some cases, multipolar spindles initiated by the supernumerary centrosomes, for example, as demonstrated in MEF with null mutations of Tp53 (Fukasawa et al., 1996) or Brca1 (Xu et al., 1999) , can be correlated with genomic instability. However, we have previously observed that amplified centrosomes not always lead to multipolar spindles (Ghadimi et al., 2000) . Thus, we analysed primary WT and KO MEF with anti-a-tubulin antibodies. Despite the centrosome amplifications, we did not observe abnormal spindle structures in either genotype (data not shown). These data suggest that the amplified centrosomes are not functional and the chromosomal rearrangements may not be due to spindle aberrations. Rather, perturbation of one of the emerging additional functions of the centrosome in cell cycle progression and checkpoint control (Doxsey, 2001 ) may lead to genomic instability in Cebpd-deficient MEF.
Since KO MEF display genomic instability, why do we not observe spontaneous tumors in the KO mice or even developmental abnormalities? The transfer of cells to in vitro culture, as done with MEF in this study, releases them from growth control mechanisms and tissue-specific restrictions encountered in vivo. Presumably, this procedure can mimic the effect of advanced pro-oncogenic mutations. For example, mice with a null mutation of the cyclin-dependent kinase inhibitor p21/ CIP1/WAF1 also develop normally, and the growth and senescence of null MEF in vitro is comparable to controls. However, the MEF display G1 checkpoint defects, and the mutation indeed contributes in vivo to tumorigenesis when induced by, for example, oncogenic Ras or chemical carcinogenesis (Deng et al., 1995; Pantoja and Serrano, 1999; Jackson et al., 2002) . Since both Cebpa and Cebpb can affect p21 expression (Timchenko et al., 1996; Chinery et al., 1997) , we addressed it in the Cebpd KO MEF but found p21 levels comparable to those in WT MEF.
Based on the KO MEF phenotype, we hypothesize that Cebpd may function as a tumor modifier in specific cell types, where it is highly expressed, and when challenged by induced mutagenesis via chemical mutagenesis or oncogenic transgenes. For example, lack of mismatch repair genes leads to tissue-specific tumors (Kreidberg and Natoli, 2001 ) although even MEF can display genomic instability, as shown for Msh2 (Reitmair et al., 1997) . Expression of Cebpd is low to undetectable in most organs except lung and the involuting mammary gland (see Introduction). We are currently crossing the Cebpd-deficient mice to lung-and mammary-specific transgenic mouse tumor models to address the role of Cebpd as a tumor suppressor in vivo.
Materials and methods
Cell lines and mouse embryo fibroblasts NIH3T3 (Jainchill et al., 1969) and Ras-NIH3T3 cells (Janssen and Mier, 1997) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin, unless indicated otherwise. MEF were isolated essentially as described (Tessarollo, 2001 ) from individual E13.5-E14.5 embryos generated by mating of Cebpd null heterozygous mice (Sterneck et al., 1998) of the 129S1 strain, and were frozen at passage two. The cells were maintained in DMEM/ 10% FBS and passaged every 3 days at 3 Â 10 5 cells per 10 cm dish (3T3 protocol). The two established cell lines per genotype were derived from pooled KO and WT embryos of two independent litters each.
FACS analysis and cytological staining
For fluorescence-activated cell sorter analysis (FACS), cells were fixed with methanol (À201C), treated with 100 mg/ml RNase A, stained with 50 mg/ml propidium iodide and analysed by flow cytometry using CellQuest software (Becton-Dickinson, CA, USA). For cytological staining, cells were cultured on Falcon chamber slides (Thomas Scientific, Swedesboro, NJ, USA) and fixed for 10 min with methanol (01C). Incubation with a monoclonal anti-g-tubulin antibody (Sigma, St Louis, MO, USA) or anti-centrin antibody (kindly provided by JL Salisbury) was performed overnight at 371C and antibody complexes were detected with FITC-conjugated anti-mouse IgG (Sigma, St Louis, MO, USA) and counterstained with DAPI. For Giemsa staining, the colonies were fixed with methanol for 20 min at room temperature, stained with Giemsa (Life Technologies, Inc.) for 1 h, washed with water and air dried.
SKY/CGH
Metaphase chromosomes from five WT and four KO MEF at P3-6 were prepared following exposure to colcemid (2 h, final concentration 100 ng/ml) and standard hypotonic treatment followed by fixation in methanol/acetic acid. Spectral karyotyping was performed as described (Liyanage et al., 1996; Montagna et al., 2002) . Chromosome aberrations were defined using the nomenclature rules from the International Committee on Standardized Genetic Nomenclature for Mice (Davisson, 1994) . A total of 6-12 metaphases were analysed for each cell line. Gray level images were acquired using a CCD camera (CH250, Photometrics, Tucson, AZ, USA) mounted on a Leica DMRXA epifluorescence microscope, and pseudocolored using Leica Q-Fish software.
Genomic DNA from the five WT and four KO primary MEF isolates was extracted following standard procedures. DNA labeling, hybridization and detection were performed as described (Montagna et al., 2002) . Images were acquired with a Leica DMRXA epifluorescence microscope (Leica, Wetzlar, Germany) using fluorochrome-specific filters (Chroma Technologies, Brattleboro, VT, USA). Quantitative fluorescence imaging and CGH analysis was performed using Leica CW4000CGH software (Leica Microsystem Imaging Solutions, Cambridge, UK). Further details for all Materials and methods can be found at http://www.riedlab.nci.nih.gov/.
RNA analysis
Total RNA was prepared by lysis of cells in Trizol reagent (Life Technologies, Inc.). The RNA was analysed by Northern blotting as described (Sterneck et al., 1997) . Radiolabeled DNA probes were prepared from isolated cDNA clones for the indicated genes. The specific signals were quantified by phosphorimage analysis (Molecular Dynamics, ImageQuantt).
